Functional insights at the gene product level would help the drug discovery industry to effectively tap targets for therapeutics and biomedical applications. A complete functional unit can be multi-domain, and it is the co-occurrence and interaction of these multiple domains that determines the function and functional diversity of their gene products. With at least 10% of genes from complete genomes existing in fused form, identifying gene fusion events helps us categorizing the protein universe into distinct functional units using only sequence information.
Introduction
The speed of the drug discovery process is often influenced by computational insights into protein function. The drug discovery process would be helped by information on roles played by complete functional units, reactions they catalyze and residues responsible for the specificity. There are a number of computational domain classification schemes [3, 20] , which decompose proteins into families of domains. The goal of domain classifications such as PFAM and ADDA is maximal unification of structurally conserved domains. Domain boundaries are placed around recurrent blocks as seen in multiple alignments of the sequences. Ideally, these domain boundaries coincide with the boundaries of structural domains. As families are represented by multiple alignments, the alignment implies comparative models whenever there is a member of known structure in the family. These domain family classifications are thus useful for structure prediction. Members of a domain family typically share a generic molecular function such as involvement in protein-protein interactions. A domain family may contain domains that are related by gene duplication. Duplicated genes often have divergent functions since the duplicated copy might evolve a new function or affect the function of its interacting partner. Moreover, the physiological function of a gene product can be more than the sum of its constituent domains. We claim that a complete functional unit can be multi-domain, and it is the co-occurrence and interaction of these multiple domains that determines the function and functional diversity of their gene products. We propose a classification of complete functional units -we call these complete functional units as modules.
A fundamental principle is that each module must occur as a whole gene product in some genome. The novel scheme cuts sequences in fewer places compared to domainclassification algorithms, which place domain boundaries strictly around segments that can be multiple aligned, and either leave flanking segments unassigned or classify them into 'singleton' families. Modules include the flanking segments, unless the segment occurs as a complete gene product elsewhere. Modules are basically complete proteins by themselves, but occur as components of larger fused proteins (composite proteins). Thus, we only undo gene fusion events, where there is a clearly traceable origin of one contemporary gene product as the sum of two (or more) complete contemporary gene products. Consequently, modules can be made of one or more domains. We propose that within each module super-family there are sequence patterns that specifically determine the molecular function of functionally divergent families.
A reliable functional classification schema of protein sequences at clearly defined levels of hierarchy would be an important tool in functional genomics. This tool would screen potential functional information for any given protein. Functional annotations available through whole genome analysis and traditional homology-based methods such as Blast can be erroneous due to a number of possibilities [4, 16] . Besides, some annotators tend to annotate the domain, while others annotate the gene product, thus allowing error propagation while assigning putative function through sequence similarity. The target protein might be multi-domain, thus there is a possibility of the gene product's function being different from a domain's function. The multi-domain proteins are especially tricky to annotate due to the fact that there are cases where these multi-domain proteins have
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been formed by the fusion of two or more unrelated component proteins that have different ancestors (Type I) [32, 42] . Whereas, there are also fused proteins that are made of component proteins having the same evolutionary histories (Type II which are a product of internal gene duplication, retroposition, lateral gene transfers, de novo extension of existing gene). The mechanisms of gene structure evolution are elucidated in detail elegantly by Long et al [35] . The nature and function of type I proteins is not clearly understood. Such instances have been cited in experimental reports [50, 10, 44, 24, 15, 28] to introduce a novel function in the fused protein. To produce a relevant functional classification system of gene products, it would be necessary to be able to confidently group sequences into super-families and families, which are a product of a common evolutionary event, from which point on they evolve under common functional selection pressure. This can be done precisely if we can deal with gene fusion events and represent the proteins as complete functional units. A pivotal resource for the challenges just addressed would be a hierarchical functional classification schema of gene products or complete functional units (modules). There we introduce a concept where we could assign patterns at a family level to distinctive functional categories. For example, Gene Ontology [6, 31] catalogues relevant functional categories. The proposed system is likely to generate a "useful" evolutionary scenario where the number of super-families would theoretically correspond to the number of ancestral proteins responsible for the current set of contemporary modules. The estimated number of contemporary super-families is around 1000 within which the homologs are likely to have a variety of cellular and molecular functions [5, 9] . This system is aimed at systematically reconstructing the much-required functional scenario by an automated sequence based approach.
The module space of "component" proteins
The aim of the module concept is to identify and separate fused proteins. A protein is multi-modular ("composite"), if two or more of its non-overlapping regions align with two or more homologous proteins ("component"). Serres and Riley [47] have discussed in detail how to identify modules by comparing a small data set of bacterial and archaeal protein sequences. They had also used experimental information to identify modules. An example of a module is shown in figure I . The identification of modules can be automated by performing an all-against-all pairwise alignment of all sequences available in non-redundant databases where alignment regions are not allowed to overlap ( Figure  IIa) .
We use a pre-computed internal database of non-redundant sequences, aligned allagainst-all. Starting with the shortest sequence in the database, we apply a set of rules to define the modules:
All sequences less than 80 residues long are ignored to minimize chances of fragments being mistaken for functional proteins.
We choose an e-value cutoff of 10 -5 for the alignments (other cutoffs were also tested [ Table I and II]), and the alignments with e-values above this cutoff are ignored. This step helps us obtain clear boundaries between component proteins aligning to composite proteins, which help in reducing noise ( Figure IIa) .
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For each alignment, if either of the unaligned terminal ends of the subject is greater than 40 residues long, the alignment is discarded. The change in terminal cutoffs has very little effect on the module definitions [ Table I A case of amino-transferases has been discussed later in the article where a larger protein marked in red (Supplementary figure IV: supplementary information) aligns in part to sequences (marked as yellow and blue) in a distinct region. Nevertheless the larger protein is still a single module, as it does not align to a separate protein in the remaining non-overlapping region. We propose to build a so-called module-space after dealing with gene fusions using this protocol. This would help us group not just homologous domains but homologous sequences. Homologous sequences are proteins, which have evolved new functions but share a common ancestor. Consequently, homologous sequences would share a common domain. New domains (if any) contained within such sequences are recruited by various natural evolutionary events [35] .
The idea of sequence level super-family
The sequence space of component proteins (module space) has first to be clustered into distinct super-families. The super-family in this context would comprise a set of proteins having a common ancestor (sharing a common domain). These sequence level superfamilies can be categorized using many approaches. An approach we are using is an exhaustive all-against-all pair wise alignment of the module space followed by a clustering of statistically significant pairs into groups or super-families by making sure that there is a common motif holding all the members together. For the significant pairs, we make sure that the alignment length extends to at least 80 residues. Riley et al used a transitive alignment approach in a different context to generate "paralogous groups" in the Escherichia coli k12 genome [46] . They used a pair wise similarity of 175 PAM units as a cutoff for producing significant pairs with a condition that they were aligned over 83 amino acids or more. This approach is useful, but would miss remote homologs especially when applied to the complete module space comprising modules spanning genomes from various kingdoms. The proposed sequence-based super-family would include component proteins with a common evolutionary origin but divergent functions ( Figure IIb) . If we speak in terms of enzymes, members of a super-family classification may belong to different EC (Enzyme Commission) classes; at the top level these are oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases. But members of a given family within a super-family would belong to the same class and catalyse the same reaction. An interesting case of related amino-transferases is shown in the supplementary material (Supplementary figure  I, II, III) as an example of a super-family membership in the proposed classification scenario. We see that there is a perfect classification of these related amino-transferases into functionally distinct families.
Some modules are mobile
Multi-domain proteins may have multiple functions or at least multiple interaction partners. Multi-domain proteins also often evolve into new gene products. Hegyi and Gerstein discuss these issues with multi-domain proteins in detail [23] . It is also known the most of the eukaryotic genomes are made of multi-domain proteins. The "modular classification" helps us to efficiently deal with such proteins. Since modules are complete proteins by themselves (those proteins which are not a product of a gene fusion event), they would theoretically encode both the catalytic binding site as well as the smaller substrate, co-factor and regulator binding pockets. We require that one domain is common throughout the super-family set, which would mean that modules belonging to a super-family evolved from a common ancestor. Many modules are mobile in nature. Evolutionary mobile domains ("mobile modules" in [13] ) are promiscuous and thus in the context of the proposed modular classification, such modules having mobile domains may be members of more than one super-family. One such example would be modules which contain SH3 [27, 40] and SH2 [27, 40, 41] 
Hierarchy in functional classification
The specificity in the gene product function of a complete contemporary sequence is represented at the family level. Clustering of homologous sequences after dealing with gene-duplication and fusion events unifies diverse sequences, which share sparse signature residues representative of functional diversity amongst the super-family members. Though super-families and families would be the two generic levels of hierarchy in this system, motif based sub-trees within families might represent further specificities in the biological function of gene products categorized in a family. We expect to see sharp boundaries between families when motifs are examined (as shown in supplementary figure IV). Motifs are sequence patterns that represent the key functional residues. The super-families always share a common fold. There have been a number of approaches [7, 21, 33, 48, 51, 52 ], which have been tested to infer functionally specific families; most of them are based on a multiple alignment of the super-family. Moreover, many of them are tree-partitioning algorithms [33, 48] usually carried out on distance-matrix-based trees. A phylogenetic tree is a model to study evolution of homologous sequences or domains, and it is at the gene product level where homology of complete sequences can be inferred. Tree-based methods to partition domain families are restricted to generating sub-families of homologous domains, besides which the sub-families need not be functional, as we associate a protein's function with its gene product. Many of these tree-based approaches to defining functionally specific families are likely to be more useful under the proposed super-family classification, for instance, the case of amino-transferases discussed earlier.
.
The Escherichia coli story
The E.coli K-12 genome is a widely studied model system. We compared our definitions (at log e-value cutoff of -5, terminal_cutoff=40) with the manually defined and annotated data available from GenProtec [46] . 84% (77 genes) of the fused genes reported at GenProtec were successfully recovered by our automation protocol. Interestingly according to our study there are around 632 fused genes (1427 modules) in E.coli K12 genomes where as Riley, Serres et al [46] have noted that there are 107 fused genes in E.coli, which are made up of 221 component proteins [modules] . Even in 84% of overlapping fusions with that of the Riley data set, we have predicted new modules in many fused genes, which could not be predicted in the earlier manual study. These new observations is likely to be due to the fact that our study was based on a much larger dataset spanning all complete genomes which helps defining new modules, while Riley, Serres et al defined their modules by comparing prokaryotic genomes. The complete set of modules including the Escherichia coli K12 modules is available for download [http://ekhidna.biocenter.helsinki.fi/sms/downloads/].
Discussion
Thomas PD et al (38, 49) implemented a gene product classification system (Panther) where in-house curators manually define HMM libraries. We propose an automatic hierarchical classification system, which would present specificity of gene product function using only sequence information. Our families can be very diverse in sequence, as long as they retain the functional motif. The proposed pipeline approach leading to a hierarchical functional classification system would help address the following key issues for the research community.
Improved functional annotation system with levels of hierarchy
There are various sources of annotation errors as discussed. The proposed functional classification system would be able to group proteins having the same gene product function at the family level. .
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This classification system for component proteins can be effectively integrated with expert information from genome-specific databases such as GenProtEC [46] , Ecocyc [26] , to assign generic names to super-families, wherever information is available. Gene product annotations at family levels could be assigned to those families having sequences whose gene product annotations are available through expert genome-specific annotation sources. Functional predictions made using this system could be validated with structural data wherever available. The robustness in the proposed system is elucidated by the fact that the basis of this functional classification comes from group-specific motifs and residues at the super-family and family levels of hierarchy. All modules belonging to a super-family would share a common fold, and all members of a family would have geneproducts performing identical function under Gene Ontology [6, 31] . This will also aid in automatic annotation of data coming from new genome projects.
A system for studying evolution of super-families
During the course of evolution, a set of single domain proteins recruited new functions to form the contemporary set of proteins, which are both single and multi-domain proteins.
The contemporary proteins have a modular architecture. Thus, this necessitates the study of homology at the module level rather than the domain level. Sequences belonging to a domain family are homologous domains but are not necessarily homologous sequences, while the members of a super-family under the proposed system are expected to be homologous sequences with diverse functional roles. Given that evolution preserves modules encoding specific biological functions [1] , this would be a system that would be able to characterize these modules, which define a complete function. The family level represents functional specificity of gene products while the super-families are representative of folds supporting contemporary functions. Thus, under the proposed classification system, the number of families might represent the number of essential contemporary functions. Theoretically the system could be a good starting point in the characterization of LUCA (Last Universal Common Ancestor) since number of superfamilies could correspond with the number of folds supporting the variety of functional repertoire in contemporary genomes.
Functional residues -the complete set
Here we define functional families as a subset of sequences within a super-family likely to have a distinct function as compared to the rest of the super-family. Domain families coincide with functional families only in the case of module families comprising singledomain proteins. Moreover, using domain family approaches, in the drug discovery context it would be difficult to give the complete set of functional residues likely to be responsible for a protein's function at the gene product level. In contrast, with a superfamily of homologous sequences as in the proposed system, we can expect the families to be functional.
For instance, SH2 domains (discussed earlier), which are usually present in proteins involved in signal transduction, specifically recognize the phosphorylated state of tyrosine residues. This helps in localization of SH2 domain containing proteins to tyrosine-phosphorylated sites. The interaction of other constituent domains with the SH2 domains in such proteins elucidates the functional distinctiveness of such proteins. In the proposed system this functional distinctiveness can be characterized in terms of familyspecific sequence patterns. Another interesting case is that of the amino-transferases (Supplementary material, figure II and III) . Here, the proteins involved in porphyrin synthesis do align in part with a complete protein from another genome (For example the proteins involved in the threonine biosynthesis). But the proteins involved in porphyrin synthesis are still uni-modular because there is no other contemporary protein aligning to the other non-overlapping region. This scenario is likely to be a case of domain shuffling where a new function has been recruited by the amino-transferase sub-classes involved in porphyrin synthesis. This is an example of a super-family including both single and multi-domain proteins. Clustering of such super-families into families will give functional families with the complete set of residues, which are likely to be of functional importance.
The conserved residues within a family are the complete set of putatively functional residues responsible for the specificity of function at the gene product level. Functional residues are far less susceptible to mutation events than non-functional residues during evolution. Given a super-family, patterns or motifs specific to a given family are likely to represent functional patterns encoding functional residues. We refer to these as specificity-patterns or motifs. Specificity Determining Residues (also referred to as Specificity Determining Positions) are positions that is well conserved within a group but differ between groups. Given a super-family, specificity determining residues (SDR) for constituent families can be mined using many approaches [19, 37] . Those SDR found within the specificity motifs are likely to be the functional residues.
Gene fusion events as an approach to study functional specificity and interactions
Pairs of proteins are generally observed to be interacting and/or functionally associated if they are found as functional proteins in another genome while existing as components in a larger fused protein in another genome [14, 36] . Both Marcotte et al [36] and Ouzounis et al [14] performed earlier studies on domain and gene fusion events, respectively, which were aimed at predicting new interacting and functionally associated proteins. Their studies were done during a period when the pace of the genome projects was just beginning to pick up. They reported a list of predicted interacting pairs of proteins based on observations of stand alone genes in one genome found as unique components of a fused gene (Rosetta stone sequence) in another genome. In our study, for the proposed classification system, we break up the protein universe into the so-called 'module space' after decomposing fused genes into their respective components (modules) having an individual existence by themselves. Consequently, these Rosetta stone sequences are basically a sub-set of the 'module space'. Interestingly, our study using an e-value of 10 -5 shows that 10% (Table I) of the genes arise due to gene fusions (or fission). That is a significant number! Even while considering that fraction of the sequences in public databases might be a product of sequences errors, this gives us an all-together new perspective on the functional repertoire of the protein universe. It will be interesting to study Rosetta stone sequences from the 'module space', which would be a rich source for enumerating new putative interacting proteins.
Conclusions
It is possible to reconstruct a natural evolutionary scenario of contemporary proteins by constructing super-families of homologous sequences. Moving beyond molecular function [GO definitions], the proposed approach for constructing super-families would give important insights at the level of gene products [6, 31] , which would be a key development in functional genomics. Differing from the existing sequence-space classifications of homologous domains, the evolutionary scenario presented using the proposed approach could aid the drug discovery process by suggesting better model systems and better targets. Another welcome development would be a systematic annotation protocol due to the hierarchical nature of the classification. As the issue of remote homology detection [22, 25, 34, 45] consistently continues to improve, this superfamily classification would be a tool that could aid research on ancestral proteins and contribute towards the search for LUCA, as well as enumeration of theoretically essential functions in the current genomic diversity. This complex has two modules. There is one structural domain associated with the first module, which is Enoyl-CoA hydratase (crotonases), whereas the second module comprises three structural domains. The other two known activities (3-hydroxyacyl-CoA dehydrogenase, 3 -cis-2 -trans-enoyl-CoA isomerase) are carried out by the second module. The green sphere represents the module space. Here the four proteins (A, B, C, D) from the previous example are represented as 5 modules. Protein A has been cut into two separate modules. " " represents other modules making up the module space. This module space can be clustered into 'n' number of distinct super-families each having modules sharing a common ancestor. The orange sphere represents one such super-family into which proteins from our previous example are clustered. There are two possible scenarios. If module I and module II from Protein A were homologous, then they would be clustered into the same super-family (Case I), whereas if module II of protein A was not homologous, then only module I of protein A will be a part of the super-family, along with Proteins B and C which were uni-modular. This scenario is represented by Case II. In this case the modules are divided into two distinct super-families.
Figure IIc: Modularisation of protein space
Modules are defined for Protein A based on n pairwise alignments with other proteins at a given log e-value cutoff. The first two alignments give rise to two distinct module definitions; subsequently, as the remaining alignments overlap with existing modules, the module definitions are extended according to these alignments on a progressive basis. In a particular alignment case (marked striped), there is a conflict with more than one existing module, so the alignment is ignored. M 1 and M 2 are the final module definitions, and hence Protein A is bi-modular. We defined an input set of 237873 non-redundant protein sequences obtained from all genomes available in NCBI genomes by FTP [ftp://ftp.ncbi.nlm.nih.gov/genomes]. The computed modules were calculated for three different log e-value cutoffs (10 -2 , 10 -5 , 10 -9 ). 10 -5 is a safe optimal default used in database searches, while 10 -2 and 10 -9 were also tested to note the trends in module definition. We also experimented with terminal cutoffs of 40 and 100: using both the complete data set and just the E coli K12 genome, we observed that varying the terminal cutoff has negligible effect on module definitions. We also observed that the total number of modules and fused genes were considerably higher at the log e-value cutoff 10 -5 compared with 10 -9 ; this is primarily due to the larger set of alignments available at the less stringent cutoff of 10 -5 .
Figure III. How does the system deal with mobile-modules?
There are mobile modules in the proposed classification system. For instance, genes (modules) having an SH2 domain can belong to more than one super-family. This figure presents a super-family subset comprising genes sharing the SH2 domain. The patterns common to the super-family hold the super-family together. The specificity in patterns coming from constituent domains in members of this super-family helps us characterize specific gene product functions. For instance, the kinases would have patterns specific to their class. Furthermore, the various kinase sub-types would have patterns specific to subtypes. 
